Local direct application of the neuromodulator serotonin strongly influences auditory response properties of neurons in the inferior colliculus (IC), but endogenous stores of serotonin may be released in a distinct spatial or temporal pattern. To explore this issue, the serotonin releaser fenfluramine was iontophoretically applied to extracellularly recorded neurons in the IC of the Mexican free-tailed bat (Tadarida brasiliensis). Fenfluramine mimicked the effects of serotonin on spike count and first spike latency in most neurons, and its effects could be blocked by co-application of serotonin receptor antagonists, consistent with fenfluramine-evoked serotonin release. Responses to fenfluramine did not vary during single applications or across multiple applications, suggesting that fenfluramine did not deplete serotonin stores. A predicted gradient in the effects of fenfluramine with serotonin fiber density was not observed, but neurons with fenfluramine-evoked increases in latency occurred at relatively greater recording depths compared to other neurons with similar characteristic frequencies. These findings support the conclusion that there may be spatial differences in the effects of exogenous and endogenous sources of serotonin, but that other factors such as the identities and locations of serotonin receptors are also likely to play a role in determining the dynamics of serotonergic effects.
Introduction
The neuromodulator serotonin is widely dispersed throughout the brain, and alters sensory responses of every modality examined (for example, somatosensory: Waterhouse et al., 1986; Foehring et al., 2002; visual: Waterhouse et al., 1990; Mooney et al., 1996; olfactory: Yuan et al., 2003; auditory: Ebert and Ostwald, 1992; reviewed in Hurley et al., 2004) . In the inferior colliculus (IC), a midbrain nucleus that integrates ascending auditory information from multiple brainstem nuclei (reviewed in Irvine, 1992; Oliver and Huerta, 1992; Pollak et al., 2003) , serotonin has strong effects on the responses of neurons to auditory stimuli, and can alter such fundamental properties as spike count, frequency tuning, and response latency (Hurley and Pollak, 2001, 2005b) . In all previous studies, these changes have been evoked by the application of exogenous serotonin. Knowing more about the dynamics of endogenously released serotonin would contribute to a better understanding of the function of serotonergic modulation in the IC.
Just as for neurotransmitters like GABA and glutamate, serotonin availability in the brain is regulated by the balance between exocytotic release and reuptake by transporters (Blakely and Bauman, 2000) . For serotonin, these processes are less confined to synapses than they are for many classical neurotransmitters, and serotonin may travel relatively far from the site of release before encountering a transporter (Bunin and Wightman, 1998) . This being the case, the local application of exogenous serotonin could be a reasonable model for the endogenous release of serotonin. On the other hand, levels of endogenously released serotonin could differ regionally or temporally from those of exogenously applied serotonin. One reason for this is that serotonergic fibers are denser in some regions of the IC than others, such as the dorsal and external cortices, and also in the dorsomedial region of the central nucleus of the IC in some species including the free-tailed bat (Klepper and Herbert, 1991; Kaiser and Covey, 1997; Hurley and Thompson, 2001) . This distribution of fibers may also mean that serotonin clearance is more rapid in regions of high release, since serotonin transporters are located on serotonergic fibers (Nielsen et al., 2006) .
Most of the serotonergic fibers found in the IC originate in the dorsal and median raphe nuclei (Klepper and Herbert, 1991) . Therefore, the release of endogenous serotonin in the IC could be investigated by activating these nuclei electrically or chemically (for example, Sakai and Crochet, 2001; Pobbe and Zangrossi, 2005; Sheibani and Farazifard, 2006) . A disadvantage of this type of manipulation is that it would likely have relatively global effects, since these dorsal raphe neurons innervate extensive regions of the brain, including regions that are known to project to the IC (for example, cochlear nucleus: Zook and Casseday, 1985; Oliver, 1987; Vater and Feng, 1990; Klepper and Herbert, 1991; amygdala: Marsh et al., 2002; Jacobs et al., 1978) . Indeed, even single serotonergic neurons may send collaterals to different nuclei along ascending sensory pathways (Kirifides et al., 2001) . Thus, stimulating the dorsal raphe nucleus would likely alter the response properties of inputs to the IC as well as those of neurons within the IC itself.
Here, we take another approach to exploring endogenous serotonin release in the IC by locally applying fenfluramine, a serotonin releaser and reuptake inhibitor. Fenfluramine is an amphetamine derivative with selectivity for the serotonergic system that in the short term increases serotonin levels in the brain but over the course of days or weeks may deplete serotonin (Rowland and Carlton, 1986; Schwartz et al., 1989; Baumann et al., 2000; Tao et al., 2002; Rothman et al., 2003; Itzhak and Ali, 2006) . This study focuses on the effects of iontophoretically applied fenfluramine on the auditory responses of single IC neurons in a time frame of minutes. Although fenfluramine has often been infused locally into different brain regions (for example, Schwartz et al., 1989; Consolo et al., 1996; Baumann et al., 2000 Baumann et al., , 2001 Cobb and Abercrombie, 2003; van der Stelt et al., 2005) , this study represents the first iontophoretic application of this drug, to our knowledge. In this study, we measure the effects of fenfluramine on the auditory responses of single neurons, assess whether fenfluramine acts by releasing serotonin, and examine the distribution of different effects of fenfluramine relative to recording depth and characteristic frequency.
Materials and methods

Subjects
Experiments were performed on 7 male Mexican freetailed bats (Tadarida brasiliensis) collected under permit from Texas Parks and Wildlife. Prior to surgery, bats were anesthetized by brief exposure to isoflurane fumes followed by intraperitoneal injection of 120 mg/kg ketamine and 5 mg/kg xylazine. When deep anesthesia was achieved as judged by the lack of response to tail and foot pinch, the skin and muscle overlying the skull were incised and deflected. A small hole was drilled above the IC, plainly visible in the contours of the skull. The dura was then incised and the hole covered with a thin layer of surgical-grade silicon gel to prevent drying. Lidocaine gel (2%) was applied topically to surgical surfaces, and the bat was placed in a soft foam holder shaped to its body contours and transported to a sound-attenuated chamber. The head of the bat was immobilized in a custom-made stereotaxic device (Schuller et al., 1986 ) with a post affixed to the skull by dental cement rostral to the IC. In some cases, a second post was attached caudal to the IC with cyanocrylate gel for additional mechanical stability. The bat was then allowed to waken. Bats usually lie quietly within the recording apparatus. Periodically, topical lidocaine anesthesia was refreshed and the bat was offered water from a dropper. If a bat showed discomfort, as judged by movement that was observed directly or through the recording electrode, a subanesthetic dose of 20 mg/kg ketamine and 1 mg/kg xylazine (1/5 of the surgical dose) was administered. If movement persisted, the experiment was terminated and the bat returned to its home cage. Neurons were recorded during two sessions, with a resting period in the home cage of no less than 10 h between sessions. Before this resting period, bats were reanesthetized with isoflurane, their incisions were sutured, and they were treated with a topical mixture of antibiotic and Lidocaine gels as well as a systemic analgesic (Torbugesic, 1-2 mg/ kg). All procedures used in this study were approved by the Bloomington Institutional Animal Care and Use Committee.
Extracellular recording of single neurons
A total of 95 IC neurons were recorded through singlebarreled extracellular pipettes attached in a 'piggy-back' configuration (Havey and Caspary, 1980 ) to a tribarreled micropipette used for the iontophoresis of drugs. Iontophoresis pipettes were broken to a tip diameter of 10-20 lm, with the single-barreled recording pipette protruding 10-15 lm in front of the multibarreled pipette. The tips of the single-barreled pipettes were filled with 1 M NaCl and had resistances of 8-20 MX. Pipettes were connected by a silver-silver chloride wire to a Dagan 2400 amplifier (Minneapolis, MN). Spikes were fed through a spike signal enhancer (FHC model, Bowdoinham, ME) before being digitized through a data acquisition processor board (Microstar, Bellevue, WA). Multibarreled electrodes were positioned above the IC under visual control through a dissecting microscope and lowered with a piezoelectric microdrive (Burleigh/EXFO inchworm, Mississauga, Ontario) until action potentials were observed. The top of the IC was defined as the point of initial contact of the recording electrode to ground.
Auditory stimuli
Auditory stimuli were created and data were collected with the custom software package Batlab (Dr. Donald Gans, Kent State University). Auditory stimuli were played through a midline freefield speaker (Infinity Emit B, Harman International Industries, Woodbury, NY). Calibration of the speaker was accomplished by placing a measuring microphone (ACO Pacific PS9200 kit, Belmont, CA) in the position occupied by the bat's head during experiments. The response of the speaker was flat within ±6 dB from 15 to 30 kHz, a range that encompassed the characteristic frequencies (CFs) of 88% of recorded neurons. Of the remaining 12% (11 neurons), all but one (with a CF of 14 kHz) had CFs above 30 kHz, ranging from 31 kHz; 3 at 31 kHz, 3 at 33 kHz, and one each at 37, 38, 39, and 40 kHz (Fig. 7b) . Harmonic distortions were 30-40 dB below the fundamental frequency across this range.
Auditory stimuli consisted of tone bursts or frequency modulated (FM) sweeps ranging from 5 to 10 ms, with 0.5 ms risetimes. FM sweeps were centered at the CF for each neuron and swept across a range of 5-10 kHz. Ratelevel functions were generated by playing FM sweeps or CF tones, whichever elicited the strongest response from a given neuron, at intensities ranging from 10 dB below to 40-50 dB above threshold, in 10 dB steps. Frequency tuning plots were generated by playing tones spanning the excitatory tuning range of the neuron in steps of 0.5-4 kHz, depending on the bandwidth of the neural response. Frequency tuning was measured from 10 dB below to 30-50 dB above threshold, in steps of 10-20 dB. Individual stimuli were repeated 32 times to generate measurements of spike count and first spike latency. Spike data were exported from Batlab in ASCII format for statistical analysis.
Drugs and iontophoresis
The multibarreled pipette of the piggy-back electrode was used for iontophoresis of drugs. Two of the pipette barrels were filled with the drugs to be tested and one was filled with 1 M NaCl to serve as a sum channel, balancing the iontophoretic currents ejected through the other barrels. The barrels were connected by silver-silver chloride wire to iontophoresis pump modules (Dagan ION-100, Minneapolis, MN). Four different drugs were iontophoretically applied to IC neurons: (1) the serotonin releaser and reuptake inhibitor fenfluramine (SigmaAldrich, St. Louis, MO; 12-25 mM, n = 95); (2) 4-10 mM, n = 13); and (4) the 5-HT2 antagonist mianserin (Tocris, Ellisville, MO; 10 mM, n = 13). Drugs were dissolved in 165 mM NaCl, pH 4-4.5. In previous studies, no effects of the same iontophoresed vehicle alone have been observed (Hurley and Pollak, 1999 , 2005a . In the current study, the same vehicle was iontophoresed onto 5 neurons, but had no effect on either spike count or first spike latency in any.
During a typical experiment, the responses of neurons to tone bursts and FM sweeps were initially monitored over a time period equivalent to the time needed for the drugs to affect neural responses. This was done to ensure the stability of baseline activity. After this initial time control, drug iontophoresis commenced and spike counts were monitored until they stabilized, which generally occurred within about 5 min. While maintaining drug iontophoresis, another data set was collected. Iontophoresis was then halted and if contact with the neuron was maintained, spike counts were monitored until the neuron recovered or for 15-30 min. Antagonists were applied after recovery from the first application of fenfluramine beginning in advance of a second fenfluramine application or at the same time.
Analysis
The effects of fenfluramine on both spike counts and first spike latencies were measured and analyzed for statistical significance by using 2-tailed t-tests in Excel (Microsoft, Redmond, WA). The t-tests assessed whether the average spike count or latency for 32 repetitions of a single stimulus were different in the control and during fenfluramine iontophoresis. Statistical tests of median responses have been performed previously and given similar results (Hurley and Pollak, 2005b) . To exclude neurons that showed spontaneous variability in their response properties, only neurons with drug effects that were statistically distinguishable from both of two separate pre-drug measurements were accepted for analysis. Alternatively, for a few neurons in which multiple control measurements were not performed, only neurons with responses that recovered significantly after the cessation of agonist iontophoresis were analyzed. To compare the absolute values of changes in spike count at different time points after fenfluramine iontophoresis across the population of neurons, paired t-tests were used. Simple and multiple regression analyses to assess drug-evoked changes versus depth or CF or both were performed using MiniTab 14 software (MiniTab Inc., State College, PA). Average values are reported ±the standard error of the mean. One-way ANOVAs performed in MiniTab were used to determine whether neural response properties varied between bats. Neither recording depths (p = 0.918), neural CFs (p = 0.228), nor the effects of fenfluramine (p = 0.381) differed significantly among bats. In addition, there were no significantly different effects of fenfluramine on the first versus second day of recording (p = 0.849).
Results
Electrophysiological recordings were obtained from the ICs of seven Mexican free-tailed bats. A total of 95 neurons were recorded at depths from 377 to 1680 lm, with a mean depth of 1036.8 ± 33.2 lm. CF ranged from 14 to 40 kHz ( Fig. 7b) , with a mean of 25.8 ± 0.5 kHz, and increased with recording depth, as reported previously for Mexican freetailed bats and other mammalian species (for example, Casseday and Covey, 1992; Jen and Xu, 2006; Zwiers et al., 2004) . Average first spike latencies ranged from 7.6 ms to 41.1 ms after stimulus onset, with a mean of 19.8 ± 0.57 ms.
3.1. Fenfluramine effects on spike count and latency are similar to those of serotonin Fenfluramine was applied locally to the 95 neurons using iontophoretic currents ranging from 10 nA to 85 nA. The effects of fenfluramine on spike count and first spike latency in response to 32 presentations of tone bursts presented at CF (n = 11) or to FM sweeps centered at CF (n = 84) were measured. Fig. 1 plots peristimulus time histograms (PSTHs) of two neurons that responded in opposite ways to the iontophoresis of fenfluramine. Neuron (a) decreased its spike count by 77% in the presence of fenfluramine, and also increased its average first spike latency, from 18.0 ± 0.07 ms to 20.9 ± 0.44 ms (2-tailed unpaired t-tests, p < 0.05). In contrast, neuron (b) increased its spike count by 30% and decreased its latency from 21.7 ± 0.11 ms to 17.0 ± 0.05 ms during the iontophoresis of fenfluramine (2-tailed unpaired t-tests, p < 0.05). The spike count and latency of neuron (a) recovered to baseline values similar to control during the recovery period when iontophoresis was halted, but neuron (b) was not held for long enough to obtain recovery measurements.
Across the population of 95 neurons, 43.1% (41 neurons) responded to fenfluramine with significant changes in spike count. The iontophoresis of fenfluramine most commonly resulted in the depression of neural responses (35/41, or 85.4%) as for the neuron in Fig. 1a , but response facilitations also occurred in a subset of neurons (6/41, or 14.6%), as Fig. 1b attests. These results were similar to previous reports of the effects of serotonin (Hurley and Pollak, 1999, 2005a,b) . Although the effects of fenfluramine on spike count could be classified as statistically significant versus non-significant, the sizes of spike count changes varied continuously across the population. This is illustrated by Fig. 2 , a plot of the z-scores of changes in spike rate for all 95 neurons recorded ((d À d avg )/stdev d ), where d = the difference between spike rate in the presence of fenfluramine and in the control). Open bars represent neurons with no significant change in spike count. These cluster around the dashed line indicating no change in spike rate (d = 0), but were biased towards spike rate decreases. Filled bars represent neurons with significant changes in spike rate. Although more of these neurons occur at either end of the distribution, they are most numerous in the direction of spike rate decreases. Changes in latency were less common than changes in spike count. Latency changes in response to fenfluramine were observed in 27 of 72 (37.5%) neurons, with the most prevalent response being a latency increase (21 neurons). The number of neurons analyzed for latency changes evoked by fenfluramine is lower than for neurons with spike count changes, 72 instead of 95. The reason for this is evident in the population plot of Fig. 2 ; fenfluramine reduced the spike counts of many neurons too strongly to allow measurements of average latency. A comparison of the changes in spike count versus first spike latency for all neurons that responded to fenfluramine with a significant change in spike count or latency (n = 39) is shown in the scatterplot of Fig. 3 . Most of the neurons in the population fall into the upper left or lower right quadrants, indicating that the effects of fenfluramine on spike count and latency were inversely related; decreases in spike count were accompanied by increases in latency and vice versa. This is not an unexpected finding, since spike count decreases and latency increases may both occur in response to a suppression of neural responsiveness. A subset of IC neurons, however, change their latencies and spike counts independently of each other in response to the application of serotonin, consistent with the temporally defined inputs that establish latency in some IC neurons (Hurley and Pollak, 2005b) . In fact, in the plot of Fig. 3 , some neurons have values that do not fall within the upper left quadrant, demonstrating that fenfluramine-evoked changes in spike count and latency were not always coupled for IC neurons, similar to serotonin-evoked changes.
The effects of fenfluramine did not decline substantially during neural recordings that lasted up to an hour or more. Fenfluramine-evoked changes in spike count developed fully over the course of minutes. This is illustrated by the plot of proportional change in spike count versus time in Fig. 4a . The solid and dashed lines represent the spike counts of two different neurons over time. Spike counts are normalized to the first control value (proportional change in spike count = 0). The dashed gray line represents the time of onset of fenfluramine application, and the two gray arrows mark the time of the halt of iontophoresis for each individual neuron. The two different neurons exhibited slightly different time courses of response to fenfluramine; the neuron represented by the solid line responded quickly (within 3 min) and recovered more slowly over about 10 min. The neuron represented by the dashed line responded to fenfluramine relatively slowly, with a full response not developing until about 9 min after the onset of iontophoresis, but showed a more rapid partial recovery about 5 min after the halt of iontophoresis. Across a group of 14 neurons that were recorded at multiple time points, relatively rapid responses to fenfluramine application were typical, and the initial measurement of fenfluramine-evoked changes in spike count by 2 min after the onset of fenfluramine application (47.4 ± 6.6% change from baseline) did not vary significantly from measurements taken after 5 min of fenfluramine application (41.6 ± 8.9% change from baseline, p = 0.34, 2-tailed paired t-test; Fig. 4a, inset) .
Additionally, sequential applications of fenfluramine at different levels of iontophoretic current produced dosedependent effects. Fig. 4b shows the spike counts of a single neuron at four different levels of iontophoretic current. Numbers above the bars indicate the sequence of the different levels over time, so that the current of 75 nA was applied first, and the current of 85 nA was applied last. The 50 nA current reduced the spike count partially, with the maximal effect of fenfluramine occurring at 75 nA. Because of slight variations in diameter of the iontophoresis pipettes and the potentially varying distance from the pipette to serotonin receptors for any given neuron, the absolute levels of iontophoretic current cannot be equated among neurons. Multiple levels of iontophoretic current, however, were used on 34 neurons. A comparison of the normalized effects of fenfluramine between the highest and lowest levels of iontophoretic current to single neurons does show dose-dependence, with the lowest current levels causing a 52.1 ± 10.5% change in spike count and the highest current levels causing a 72.5 ± 11.2% change in spike count (p = 0.003, 2-tailed paired t-test; Fig. 4b, inset) . Both the time course and the dose dependence of the effects of fenfluramine suggest that this drug did not deplete serotonin stores during our experiments.
3.2. Are the effects of fenfluramine mediated by serotonin release?
Fenfluramine and serotonin
Although the effects of fenfluramine are quite similar to those previously reported for iontophoresed serotonin (Hurley and Pollak, 2001) , fenfluramine also releases norepinephrine at a lower affinity than serotonin (Rowland and Carlton, 1986; Rothman et al., 2003) . In order to determine whether the effects of fenfluramine are mediated by serotonin, we directly compared the effects of fenfluramine and serotonin in 20 neurons. In the majority of neurons, fenfluramine and serotonin had similar effects. An example is shown in Fig. 5a . For the neuron in this figure, fenfluramine and subsequently serotonin decreased the spike count relative to the control value (2-tailed unpaired t-tests, p < 0.05), but the neuron at least partially recovered its initial spike count after the iontophoresis of each drug was halted. The effects of serotonin versus fenfluramine on spike count are compared for all 20 neurons in Fig. 5b . For most neurons, there is good agreement in both the directions and sizes of effects of the two drugs, with a predominance of spike count decreases evoked by both drugs. However, a few neurons do not fit this pattern; for 3-4 neurons, one of the drugs had a large effect but the other did not. Because of the two most extreme outliers marked by asterisks, linear regression of the effects of serotonin and fenfluramine is not significant (p = 0.7, r 2 = 0.009); excluding these two values, the relationship is significant (p = 0.007; r 2 = 0.37).
Serotonin receptor antagonists
If the effects of iontophoresed fenfluramine are due to the release of endogenous serotonin, then they should be blocked by serotonin receptor antagonists. We directly tested this hypothesis in a set of 34 IC neurons by applying fenfluramine concurrently with several different serotonin (5-HT) receptor antagonists after observing the effects of To et al., 1995; Heidmann et al., 1998) . This means that no single type of serotonin receptor antagonist is likely to block all of the effects of fenfluramine-evoked serotonin release. Thus, the strategy taken to evaluate whether serotonin receptor antagonists block any of the effects of fenfluramine was to use antagonists against two common types of serotonin receptor, both alone and in combination. The first of these antagonists, WAY-100635, selectively blocks the 5-HT1A receptor (Fletcher et al., 1996) , a receptor type that is expressed by many IC neurons (Thompson et al., 1994; Peruzzi and Dut, 2004) . The second antagonist, mianserin, may be relatively selective for 5-HT2 receptors, but it also has affinity for 5-HT1, 5-HT6 and 5-HT7 receptors (Hoyer et al., 1994) . Of the 34 neurons tested with serotonin receptor antagonists, 17 neurons were exposed to WAY-100635, 10 neurons were exposed to mianserin, and 7 neurons were exposed to a mixture of the two drugs. Because the effects of serotonin and serotonin receptor antagonists are sometimes selective for responses to particular frequencies or intensities (Hurley and Pollak, 2001; Hurley, 2006) , the effects of the antagonists were evaluated in frequency tuning plots and rate-level functions. The criterion used to gauge whether fenfluramine or the antagonists had an effect on neural responsiveness was a 30% change in spike count across at least two consecutive frequencies or intensities tested. Fig. 6 illustrates neurons for which the antagonists blocked the effects of fenfluramine. Fig. 6a is a rate-level function of a neuron for which fenfluramine decreased the spike count at every intensity. When WAY-100635 was applied concurrently with fenfluramine, it blocked the effects of fenfluramine. In Fig. 6b , an isointensity frequency plot, fenfluramine increased the spike count, most notably at frequencies above and below the BF. The effect of fenfluramine was blocked by co-application with mianserin.
WAY100635 and mianserin did not always block the effects of fenfluramine. In some neurons, the effects of these antagonists diverged from or even potentiated those of fenfluramine. Table 1 summarizes the effects of antagonists on all neurons tested. Across all antagonist applications, the two largest categories are (1) neurons for which antagonists blocked the effect of fenfluramine (n = 8), as in Fig. 6 , and (2) neurons for which fenfluramine altered spike counts but the antagonists had no effect (n = 11). Smaller categories are those containing neurons for which neither fenfluramine nor antagonists altered spike count ('No change any'), for which the antagonists had the same effect as, or potentiated the effect of, fenfluramine ('Antagonist same effect'), and for which fenfluramine had no effect but the antagonists did (n = 5 each).
Fenfluramine effects in different regions of the IC
Previous studies have shown that serotonergic projections are heterogeneously distributed throughout the IC. Within the central nucleus of the IC, serotonergic fibers are denser in the dorsomedial region than in the ventral and lateral regions (Kaiser and Covey, 1997; Hurley and Thompson, 2001 ). Thus, one way that the effects of fenfluramine could differ from those of serotonin is in the recording depths or CFs of the neurons it targets. We tested this hypothesis by looking at the effects of fenfluramine on spike count versus recording depth and CF for all neurons recorded. The results of this analysis are plotted in Fig. 7 . As can be seen in this figure, the normalized effect of fenfluramine on spike count did not show directional trends across depth (Fig. 7a) or CF (Fig. 7b) , and these relationships were not significant (linear regression, p = 0.943 and The effect of fenfluramine on first spike latency rather than spike count was also not correlated directly with depth or CF (p > 0.05) but a different type of spatial pattern emerged in the response of latency to fenfluramine. This can be seen in Fig. 8a , a plot of best frequency versus depth. For a given depth, neurons that responded to fenfluramine with significant increases in first spike latency (n = 21, filled circles) had a lower CF than neurons showing latency increases or no latency changes (n = 50, open circles; multiple regression with depth as a continuous variable and latency increase as a binomial variable. p < 0.001 for the overall regression, p < 0.001 and b = 0.61 for depth, p = 0.003 and beta = À0.28 for latency increase).
The relatively small number of neurons exposed to serotonin in this study makes it difficult to perform the same analysis for serotonin. However, recording depth, CF, and the effect of serotonin on latency have been measured for many neurons exposed to serotonin in a previous study in Mexican free-tailed bat using identical experimental techniques, although the data were not examined in the same way (Hurley and Pollak, 2005b) . Fig. 8b plots the data from this previous study as a comparison. The relevant parameters of the different populations of neurons in Figs. 8a and b (CF, depth, and latency change) were compared to determine whether these parameters were similar in the two populations. Mean recording depths and latency changes were not significantly different in these populations (p = 0.92 for depth, p = 0.79 for latency change, 2-tailed unpaired t-tests). There was a difference in CF that, although significant (p = 0.039), was relatively small (25.8 kHz for the current fenfluramine database and 24.3 kHz for the previous serotonin database). As Fig. 8b shows, neurons responding to serotonin with increases in first spike latency are not encountered at lower recording depths than other neurons in this separate large sample of neurons (n = 132, multiple regression, p < 0.001 for the overall regression due to the correlation between CF and depth: p < 0.001, b = 0.486, but p = 0.197 and b = 0.010 for latency increase).
Discussion
Activating serotonin receptors in the IC directly with exogenously applied serotonin alters the responses of many IC neurons to sound, but bypasses the dense serotonergic projections found within the IC. The broad hypothesis tested in this study was that activating the serotonergic pathway at an earlier stage, by releasing serotonin from projections within the IC, would differ in its effects from directly applying serotonin either regionally or temporally. Our findings support two main conclusions. The first of these is that the iontophoretic application of fenfluramine does release serotonin in the IC. The second is that the effects of releasing serotonin with fenfluramine are substantially similar to those of applying serotonin directly, although a subtle spatial pattern of the effects of fenfluramine emerged when not only the depth but also the characteristic frequency of the recorded neurons was considered. Below, we discuss the evidence underlying these conclusions, and describe a model of the spatial pattern of neurons responsive to fenfluramine relative to the gradient of serotonergic fiber density and laminar frequency organization of the IC.
Iontophoretic application of fenfluramine releases serotonin
Two lines of evidence suggest that the fenfluramine iontophoresed in this study acted by releasing serotonin. The first of these is the similarity in the effects of fenfluramine relative to those of serotonin in previous studies; both fenfluramine and serotonin predominantly depress spike counts and increase latencies (Hurley and Pollak, 1999, 2001) . Furthermore, when these two drugs were applied sequentially to the same neurons in the present study, their effects were also similar (Fig. 5) . Neurons with divergent effects of fenfluramine and serotonin were in the minority, but for these neurons it is possible that fenfluramine had effects other than the release of serotonin. In addition to releasing serotonin, fenfluramine can trigger the release of norepinephrine, although at a lower efficacy, and may also alter dopamine release through direct or indirect mechanisms (Rowland and Carlton, 1986; Rothman et al., 2003) . Thus, for the small number of neurons in which the effects of fenfluramine and serotonin did not coincide, it is possible that the divergent effects were due to fenfluramine-evoked release of another signaling molecule instead of, or in addition to, the release of serotonin.
The block of the effects of fenfluramine by selective antagonists of serotonin receptors in some neurons also supports the contention that fenfluramine acted through the release of serotonin (Fig. 6 ). The number of neurons showing effects of fenfluramine that could be blocked by the antagonists was relatively small compared to the total sample size (Table 1, 1st column) , and the responses of some neurons to fenfluramine were not altered by the antagonists (Table 1, 2nd column) . This is consistent with the diversity of serotonin receptor types thought to be present in the IC (Thompson et al., 1994; Peruzzi and Dut, 2004; Cornea-Hebert et al., 1999; Harlan et al., 2000; Morales et al., 1998; Vilaró et al., 2005; To et al., 1995; Heidmann et al., 1998) , because using antagonists selective for one or two receptor types would not be effective for neurons without these receptor types.
Two other types of antagonist effects also occurred in different neurons; antagonists altered the spike counts of some neurons that did not respond to fenfluramine, and antagonists had effects similar to those of fenfluramine in other neurons. Both of these phenomena are consistent with several features of the serotonin system in vivo. For example, the spontaneous release of serotonin during these experiments could have occupied receptors so that they were unresponsive to fenfluramine, but were capable of responding to antagonists (Table 1, 5th column). Alternatively, if neurons express multiple types of serotonin receptors in the IC, a common occurrence in other brain regions (Amargos-Bosch et al., 2004; Beique et al., 2004; Santana et al., 2004) , the block of one type of receptor could unmask the effects of another, so that the antagonist could have the same effect as, or even potentiate the effect of, fenfluramine (Table 1 , 4th column).
Fenfluramine and serotonin effects are similar
Serotonin levels in the IC increase after the injection of salicylate (Liu et al., 2003) and do not after exposure to noise (Cransac et al., 1998) , but little else is known regarding the dynamics of serotonin in the IC. One of our initial predictions was that fenfluramine would deplete serotonin stores during continual application, because fenfluramine causes a peak and subsequent decline in serotonin levels over the course of tens of minutes to several hours when administered systemically (Auerbach et al., 1989; Carboni and Di Chiara, 1989; LaFerrere and Wurtman, 1989; Rothman et al., 1999; Tao et al., 2002; Rothman et al., 2003) , and more rapidly when administered locally (Schwartz et al., 1989) . Refuting this prediction, the effects of fenfluramine did not decay appreciably over the course of several minutes. In addition, across multiple sequential applications, the effects of fenfluramine were dose-dependent. Both findings argue against substantial depletion of serotonin stores over this period.
A second prediction was that fenfluramine would show a gradient in its effects dorsoventrally along the tracks of the recording electrodes. This prediction reflects the gradient in the density of serotonergic fibers seen in the central IC of multiple species of mammals, including the Mexican free-tailed bat. In multiple species, serotonergic fibers in the central IC are denser dorsomedially, with regions of lower density ventrally and sometimes laterally (Klepper and Herbert, 1991; Kaiser and Covey, 1997; Hurley and Thompson, 2001 ). These fibers are both sources of and sinks for serotonin because they house serotonergic reuptake sites as well as sites for serotonin release (Nielsen et al., 2006) . Therefore, such a gradient could conceivably lead to either an increased concentration of serotonin dorsomedially within the central IC in response to fenfluramine, or simply to a more rapid turnover of serotonin in this region. In practice, we did not observe a depth or CF gradient in the effects of fenfluramine.
A difference in the effects of fenfluramine versus serotonin
One spatial pattern in the effect of fenfluramine did emerge when not simply recording depth or CF, but both of these factors, were considered. This was that neurons responding to fenfluramine with increases in their first spike latencies were found ventral relative to other neurons across a spectral range (Fig. 8a) . This pattern was not seen in previously gathered data on the effects of iontophoresed serotonin (Fig. 8b) , and is especially interesting when viewed in the light of the orientation of frequency laminae within the IC. Anatomical and physiological evidence suggests the presence of fibrodendritic frequency laminae that are oriented roughly dorsolateral to ventromedial when viewed in the transverse plane within the IC of most mammals (reviewed in Irvine, 1992; Schreiner and Langner, 1997; Oliver and Huerta, 1992; Malmierca, 2003) . The pattern of effects of fenfluramine seen in Fig. 8a is suggestive of the regionalization of neurons that exhibit serotoninevoked latency increases within this laminar organization. This is schematically diagrammed in Fig. 9 , a transverse section of the IC of the Mexican free-tailed bat (Hurley and Thompson, 2001 ). The shaded region represents the central nucleus of the IC, and the solid lines mark the general orientation of frequency laminae. If the neurons responding to fenfluramine with increased latencies were clustered orthogonally to the frequency laminae as illustrated by the dashed outline in Fig. 9 , this would account for the pattern of effects observed in Fig. 8a . That is, for a given frequency region, neurons responding to fenfluramine with increased latencies would be encountered at greater recording depths. Likewise, for a given recording depth, neurons responding to fenfluramine with increased latencies would have lower CFs. Because these neurons span a wide range of CFs and recording depths, however, no direct relationship between the effects of fenfluramine and these variables would emerge. The gradient of serotonergic fibers within the central IC of the free-tailed bat is also roughly orthogonal to the orientation of frequency laminae (darker shading = greater fiber density; based on Hurley and Thompson, 2001 ), so this model implies that the latency-increasing neurons are not located in regions of the IC with the highest density of serotonergic fibers. This could be a reflection of either a specialized response to serotonin on the part of these neurons irrespective of fiber density, or of the possibility that serotonin receptors in the fiber-dense regions of the central IC are already occupied by endogenously released serotonin.
The functional implications of such clustering in responsiveness to fenfluramine is unclear. Within the frequency laminae of the IC there exist secondary spatial gradients in response properties, including a gradient in the limited range of frequencies contained in a single lamina that is orthogonal to the main frequency axis in the IC (Schreiner and Langner, 1997) . In addition to a gradient in CFs, there are gradients in other types of response properties including the pattern of the spike train, the shape of the frequency tuning curve, selectivity for FM sweeps, or the degree to which binaural responsiveness is shaped by ipsilateral inhibition (Wenstrup et al., 1985 (Wenstrup et al., , 1986 Bruckner and Rubsamen, 1995; Hage and Ehret, 2003; Ehret et al., 2003) . Because we did not measure these response properties in the current study, we cannot evaluate whether fenfluramine selectively increases the latencies of these types of neurons, but these possibilities can be tested in the future.
Other determinants of the selectivity of serotonergic effects
Tempering these conclusions is the fact that fenfluramine may be an imperfect mimic of endogenously released serotonin in some ways. Because it acts on the serotonin transporter to induce serotonin release (Baumann et al., 2000; Itzhak and Ali, 2006) , the exact locations and amount of serotonin released by fenfluramine may differ from endogenous release. In addition, the possible prevention of reuptake through the transporters (Rowland and Carlton, 1986; Baumann et al., 2000) could prolong serotonin availability. Despite these caveats, the lack of predicted differences in response to the iontophoresis of fenfluramine and serotonin is consistent with the interpretation that the pattern of release or reuptake of serotonin is only one of the factors in determining its effects in the current experimental paradigm. Spatial or temporal variation in the effects of serotonin could also be mediated at other steps along the serotonergic pathway, including at the level of serotonin receptors. In fact, some serotonin receptor agonists differentially affect neurons with V-versus non-V shaped tuning curves, suggesting that functionally distinct neuron types differentially express serotonin receptors (Hurley, 2006) . Thus, serotonin receptors likely play an important role in determining the regional or temporal dynamics of the effects of serotonin release in the IC.
In summary, the evidence presented here supports the use of fenfluramine as a tool to locally release serotonin from the endogenous serotonergic plexus within the IC. Although some differences emerged between the effects of iontophoresed serotonin and fenfluramine, their many similarities suggest that factors in addition to the patterns of serotonin release determine the responsiveness to serotonin in this auditory nucleus.
